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IHE FFFECT OF YAW UPON AIRCRAFT GUNFIRE TRAJECTORIES

Abstract

Based on the analysis by Fowler, Gallop, Lock znd Richrnond

o the motion of 2 spinning projectile, ccuations are derivec for
the computation of the trajectories, influenced by yaw, cof bullets
fired frox moving aircraft. The equations are =ioie INNC =) = )
bullets whose precessional and nutational damping rates are egual,
and thus to all small zrms bullets whose uanping rates have been
experimentally cetermined, as well as to 37mm shell. An algebraic
formula is derived for the amount of windage Jump, and cvroccdures
are described for the computation of aircraft firing tables.

l. Introduction. The motion of a bullet about its center-of nakls
influences the motion of its center of mass. Since the indtiians
conditions of projection of bullets fired from a Moving aireraft
are in general such as to brouuce motion about the center of mass,
it is therefore necessary to consider the motion about the center
of mass in the computation of aireralt firing tables.” 'THe author!s
investigations having led to foraulae el Sias e Caaputation of
such tables, his results are presented here. The motion about the
center of amgss influences the ining wadles (1) through an incress-
ed drag and (2) through th windsge jump".

2. Trajectories When YeEw Erfesctls fAre Neglected. The equations for
computing aircraft gunfire Lrajectories when yaw effects are neg-
lected have been brought into & most advantageous form Dy ST e
Cunninghain. His eguations el Besderived Yas! foldiows., | ook P s

be a right-handed set of orthogonal =xes 1oving with the aireralt

alid having their origin at the muzzle of the EURSN Chody 555 cointing
e IRCENC] upward, the z axils pointing in the direction or light

oi the aircraft (tuien to be norizontal), &nd the e Fie et eile
horizontally to starbosrd. L2t the azimuth of the bore o7 the gun

e “aenctad by 4, measured in the plene yz from 2 Ehnole by va awd
denote the zenith cistance of the bore of the gun by Z. Then the
By et 01 ;065 ined, of thd bore are cos dam.sin B Ein' Ay lant sidhg SO8 fic
R, vl ezl Nbe, A St B ve s nErallels telthe  titst set, at rest

in the air, and such that the origins coincide at the PRyt kol g

ct

i
]

™
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f4ring. The initial compoments OF veloecity ol the bullct, ' e

{.,
prisel Wystes, sce TAUSs v, cos 7] v, sid F sdgr K, and_gb £in Z

cos £ + ¥, where ¥ ls the muzzlie va1001ty and W 16 e true 2%r

spees of tho aircraft. I EaulS SN Ovgs fhaf the 1n1ﬁiﬁl true air spesl
af e ULusne brars U 4L LVED OV \
Ll

ug~: vg A sin Z cos A+ yé 3 ' g}).,
ancé thot if after a time 2f flight L -the Siacel coordinates of the
puddet-1a the"pr-mgd system of axes are P, @, Yhen the coorainates
a8 phat hibtess 150 The Shsiel A,V,z~movir“-wifh the”ﬁi?crdft-are e
(on/un) COSTTE R, (on/uo) GOy A Sy ”/u )(V JSin % cos-ﬁ+wﬁ~w§,
WeT.6 TN iRkl g T Fhand e, peasired wlouJ ihe llnr ok depavture in’ *he,,
Trimrd svstem of axes, [rom the vrigin o 2 polint. d~99 tils abovée,
the bullety the “drop' Q is the distancs Irom: tnu\ﬁOlnL Lol tn“ 1
mailet. : , Ty o 5= e e o, te

wuletE ¥ ,C e or*huﬁonaL axes moving wlfh zne Xrﬂ**ft E
al . Thelhhole aXis 5Ll A% vertlecal plane through *be hore axxs e
ard directed away Ifrem the ground, and € horl vu:tn] snd woxnting '

TO t19 right’of tae pore axis. The relation veen the X,¥,2 % ¥
aRoTEn oA L anes e LN by tne scheme - -
' 5 : ‘ 53 o
X y y z 3 )f\ii :
! =Y
. 1 el L o R +
= o sin-Zoasin AN S0 o A
n 4insg, - ~cos sk sint AT, ~costilgnetl
%, 0 cos A ey, fLrss ! i
; p e »
ana thuc 5
g = -tsin Z cos A - Q o5 24 + PV /uo
A T T T e DL (s TuRs ' PR g et
FaT Tk e R Poits : :
vnere 22 LY o= A R
4T = W t i S . } ) -k : k k
e o= w(t =2 ) A :
O : i - RE" j»

The nurerical procedure in computinz dn undisturbed trajectory:
is wertly to Cempute 1, and’Q for sny ‘given P.: Then T.is computed,
anu the equabions (2) give €, m, and &. The slant range,.D, & Jebon
51204 rtelids Xo il ol ’ : '

N — 3 - -2 Az
gl T \
arid| trealtoe Tathral deidecdiontlhl o e L3 vartical aeflilection, i
in' gnfoi=r meshure, are Jbtadres Phome thdlr Seilimitions thus

i
g

sin A —
sinuw

i

) | 4y

—_—g -
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anglu between the Yine gun~bnllet

ind the verkhcs I Dlane T rough the hore, ani is #0fitive "when the

line ig tq fheniand ¥

a1

the

bure

‘SCQ

"
Sl
C*

out for
Lurn¢sh velues of x,}z,‘*na b

f the 2lane; Lae Tvantity pois defined as
betsceen tne sa me line ar e el Y W e e 11ro (Gt e e
| @““GNCLCULuT LomiEsid VPPVLCaL‘;i:«z, (G TIRE guuib¢vc
nc tine ities above the =lant viane. The cos ulbubkone Hre
{ evoral V“Lues oT, B

and then by internclation
PuA“tLO:s o

el #ill be noticed tnat X end Q mst he 3h5uu“& 0T & vnbun
vzlue of P The mosgt rapic provedure 1s £a USs. the tabuiated
g zunhtlons 53 T,.I, 2y s SR, e p8cudo~ye] B B u'z'ﬁ, thus:

d’
i
—~
(c)
ru
L&)
S
—
3
=i
~——
—~~
o
~

2
1
N
lp)
&
~
7\
o
N
) —v
P
o
1

bY - (c/zp)1._p C7YR

viere ihe subse Cripts " pefer to tne argunent Uoen Fquation (&)

)
turnisnes u, and thop (6) ang (7)
in these ﬂuhvjo:v £ 1s the apora

Sud o is thv {5 Fa DAL S anih r)ﬂCiu'

U.07513 pounas De cuhlc f'gots - ¥

been regarded .z & Ul liciently acours te to ighare

of p along a trije

B

yield _3 anu4g, Tespectively, o
orinte oallisfic Coelilietery
“cffr Ut 8 standarg (454

or al r“rﬂft 11PLW{ La@re s 51 Wil
RE vETiatior

tory, ALUTLO uge . the Vdiue tnat EPlshetet

gun,
3. The Motion ne & Builet cbout its Ceuter I uius. The g =1
discussion of el R BT tis Reporg is independént or uc;flv: -

ana’ iwm-grder . tg chnfor»m to the Bea
vlaer notatione Tob ASE S e P necess
RO R T, B a it e CA W new gi
rigHt fanse EXEs woving with the

7¢;uv*u‘ht Crolrekelal BLY HJTLtoz
SR L VERLORUS &2 L BOME v0% TR s:n"

T8 TG i Sl Loufldpr il aSet” o

tangent 4o tre esnHF friJLkiuﬂv,

S0 ehat “bhe =xis RORLAS A tge tangent ta8 £9e EREn f”fjk‘f MREAS Ty

in the directior a- motion, whils QRF 1he v LOres and 03

ig norizontzl AT ThHe i IR ST Vigvea froe 103 oo B 1 |- hgnadE i
dircetion Cosines »f the anlpt'. s, R Lol T gl »ntian
about the Center of mags cansiste fi) T % Serh Al magd e lathb

£ g ~gﬂ;r:uiﬂ in 1rcr°'t Ilrl«% ] DY S bl (7) oL ‘5
vihvau**y i Gd i, The VLAt Cww e Lok &S5t the clma s OF nads

is associated with 3 v&brublmn or
tae mean traj @ )ry, denote tq
QUERT L veesor. &F Lhe Cshper (aF .
Lo R o N AT TR e For BudlL

4
\.J
£

] &R Sda@ A cos
K SR O

® The "iragn - ajectarym 4g 4 prartiele trajectory toat
tra1cc+ory only by neriodie terns, damped or unda~ned,

the center of B253, With pesoeot
& ulr@PLLOL cosines ST ie

~ ~ /AT . F
58 b37 IV Yo 28 ¢ Mprd na&y s8¢ ,

?nﬂ o 0f yaw, one ha. Ve FETE ot

g R T e e 3 = . i B ( ,.‘>~

difrers from the actial
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a1 £
. wherc b is thc angle of yaw, &nd @ 1s the augle of osrientation
ofthe yaw.” The angles & and ¢ 37e reierrcd to the instantaneous
direction OL spotion of tne center of 1288, 2naQ are zpnroprizte
. to yaw-card d “measurements. The angles d!' and ¢! meszsured by sparx
Ifetidy raphy’,- o tne other hand, -gre Teferfed Lo the mesn trajgcter
and .those angles sré related to the m* and n in the same way &s ¥
oAl angd o arg reluted to 3 oand k. As will later be seen, the dif-
fa ferenecehetveen the tvwo ways of neasuring the vawe Involves only
i 143 Spyohdor e b ichh ane ol the. orlle®  foTigost o eetiles (ofonly a few
R Percent.of -tire vaw angles. Tne cvantities 3 and k w27 bo calleéd
the-“rectangular geltbonczyts ' ol "the yaiy
N s 2T TEl R otkowe from -the restits of Fowlers® (their esuation 4.01)
Ay £X : 'eﬁ GAFEintapie aotiol s galren: B il near comhing tightof " the
T ; 1. ti 1S 4 .
L j = cos nlt, S Elos i) nlt;

. g cesin. ty, £rE simnaty
£ £
1 et 3 i ok j = sin nat, K = -cos nst
&0 with four cvefficients. thet are slowly warying functiohs of tne
s time. Here :
ot (1N/28) (1 + ©)
n, = (AN/23) (1 - p) (10)
where o ATy ;
® o ARR R T
ARt ‘ = (1 -=)=,
5% p=(1-7)
: In ecuatiens {30), £ 2nd B are respegtively the axidl ‘aud trans-
& v, verse momentg of Inertia, N is the wpln TovRadiags |, Der’ sgcond
; ot reckongd pysLyive i1 fei gﬁb—hankru, ant 5 s biehea BTd I tas Falet i
given byviiy A 3 -
’ A' 4 . | . ; .- 5 = AENE,/»/TB“
where pls the momsgnt factor
oy ‘ : 3 -
=T TP S G
Sl g0l s thie Tt ‘demsiEiigiinl | s ok AL oxd B LOEL Ehall LRONEE i
(e} T ~ N
KM is jtne overturning nogens cofillokent, randg G LG Erila e ioee
EORs the hullet. 3
;
*#. Fomler, Gallop, Lock and Richrmond, Phil. Trans. Row i : .
o at £ LU S s e C?_ a IOy A VOl 221
. 295, 1920, AN ’
. :




The slow varistion of the coefficients of the periedic terms
proceeds as Tfollows. The coefficients of the terms involving Ny
consist of constant factors, arbitrarily dlsposatle, uuitiplied by
e Gamping seetor

i

j/t(f + % +_f ol + 23) it
p—% b g G
e

and the coefficients of the terms involvirng n, consist of arbitr-
arily disrosable constant ractors, multiplied by the damping factor

-/t(f;)( _f—'r" +&_) at
0

= 2p
D % e
g IES el
pal -— g -'4“' ;
i = ,)alid Z{H/u
X = EaudeL/m ‘

i

Y paudAKJ/A.

In the preceding cquetions m is the mass of tne projectile, ana Kq;

'KL, and..KI are the dimensionless yawing moment, cross wind force,

anc #Mzgnus moznent coéfficients. Ny

The motion about the’ center of mass has & simple geomeirical
interretziion, which facilitates one's clear conception of the
mature of the .yawing motion. Ignore for the . moment the gradual f
variation of tne coefficients of the terms (9). Then Jj, x are
the rectangular coordingtes of 3 point B vhich is rototing in a
clociwise direction at an anguiar rate 0q (algebraically) in'e
clreular a2k of r&ﬁiusgal; whose centir is a peint § that des-

crives 2 circlevof mdiuse2 clocgwiae around the origin at an
(alygebraienlily). '

R

angular rete n

N

w

s, ‘ A8 LT RESTRICTLD
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The clockwise. ahgle from the j-axils to the radius vecter to R is
thw:dngle of orientavion: . of the yaw, ¢; ana the distance of R from
the origin.is tne angle of yaw, &, It is seen that the mot}on is
merely epicyelic, to the fceuracy el Egwler et al.'s analysis,
The part-of “the mot*on *HVO4v1ng 07, namely The rotation 1n 3

circie of radius al et a rate Ny may be called the "nu ,utlon’;
the rotation in & clrcle of radius a2 st the SiDwer rate n, may
be ?lleu "pWLCLSC1on""the resultant of the nutation and rre-

glonf =5, the coqp;et" yawing motion. The periodic varistien
ol thc angle & of course: involves-nl - n. thus.
DRI g A 12 &4 ¥y by ql\
= + as + L 2t @O0 AT 1
) af + af + Zaja cos(ng 4) (11)
if the time 1is measured from a =uitable instant. memay ea il 2
tng. "amplitude" of the ouseitito, dand = fithe aalv fHude of dhe' Bre—

cesslon. - The slow variation of “the coefficients, described on the
previocus page, Involves merely a gradual varilation of the. two
amolltudus, at rates which are in general different for the tvo,
and does not otherwise alter the geometrical 1nternretation that'
has been given.

The rates of variation, or of "damping", of the amplitudes
may be exiverimentally determined, by yaw-cards or spark rnota-
graphs. The maximum angle of yaw is clearly a + a,, and the
minimum angle of yaw 1s clearly a; - 82“ Now it has been ex-

perimentally 1etc“nineu* for all the 8Small arms bullets that
have becen so studied as well as for a 37mm projectile, that if

Byl B RS dhseck

-6- RESTRICTED
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the minimum yaw‘al_».aQ\is_ihitially o, Liresging 2ere. - Thils

can be true only if the precess

:ionel anc wnutatvlional damping rates,
of those~buliets, arz equal; r

in the expeyriments a. + &. Was

L
FeN

net zero. It follows that for such bullets £ -x + 2y= 0, &nd

4Wat both damping iasctors may be wWritten

vhere P '1s the disunnce the buliet hag trovelled, and ls very
nearly <qu¢l to.the Slacei "PH, for alrcraft trsjectories. The
onstant iz may be exeeﬂlmentJllV determined, and ic irdc;endsht

g veles tv and alr.aensity to Lie "Xt et THAL Kﬂ anc %y, are so

et

ipqependen,.

3 a = d¥K/2B + 4% /2w, (114)
. Vibrations of the Center of Mass. The "Windege Junr
Bruations (3) of the :

laet section s amiTHas OlReusSion o Lhe damp-
ing rates, show that the complete, sofnblfdastesthe 4pratery B
TE NN BN TR WL BEET] A8 '
1nlt—klt : in?t-két
e, D, MY e
: 3 <

where Kl and’ Ky arg’ two complex conghunts, the A's correspona to

"tne dampibg‘rat s ner second aod wheresthe real! part of n a3 i

while the complex part is K.v Provided, as is true for airerstt

ftrajectofles, that thesine iihatlon of the mean tﬁa‘eﬁtuvy changes

‘only. slowly with the time, it follows from equation e i ley 1of

“Eewier efsal,sthatry add z are the rezl and compliex parts, respec-
'tlvely,‘0r~tme time 1ntegrd¢ O W MARELY '

DRGSR TNl SR R P VA
e : l l .i. i e Cd
T S YT .
1701 25 2

The Abs are veéry small compared witn iic n's, and thus y and
gerforn vibrations similar to J and k, » .t =mpllituc
the ampiitudes of. ] and-Xk multiplied oy »/u, or

x/n 10; the pruc uxlnn, ana With phases that lag 90° uvehlnd,

] Con 1dar 2 Daiiet im0 stgrts iteMmotion with an engle of va
bo ‘an orientstion angle @ = 90°, and with 3 and ¢ both Iinitially

)

_equal tp zZero, This.situation arises when shooting to starboard
horizontally from a noving sisrabal e b e idlog ran Wekoy SA0OWS

ey i 2

'




NI o33 Ll b
e R e

thz

ot

T

i thus

11
—
e ]

20 f(nl - n?); a, = nlb /(n1 = nz).

The orizutation angle of tnc precession is 50
270°, initlizilye Thus the initial value of z
‘Pﬁtlu* galvey ol NS

O on CiHE NWRRGL R
i T S i@

NASE =

181080
= %d :
5 AR :
l < bl
=05
O SO

K. &

—if‘_..__:’...._O_ . g 7
ik Ky u (17)

by rquatlon (10}, ®ince the tangent to the instantaneous tra-
Jeetory [miiniue nigher thoun Lhe tangont Lo cie mern Tra|sctory “y
thisz smount st the instent of TIirlug, it Pollows that the langen

Lo the rean btrajectory is lower than the borse jf e gun oy tne
angle A given By (12). This ic the go-called "windzge jump'.

Its ognt for a given pullel, den Ao s FSSthLdllj only on the
1n1t1ul angle of yavw end -an the nitial air speed of the hullet, u_.

o)

The vreceding derivation Bt e so i e ey Ter wingh e
jono- SR TLE L ETon equation (,.:1*1 ni Fowler et al. The follawing
Literpative derivation of the same eguatlon T 29 o= 14 Thior i e .=
Thas o o pgBEEF L B0 oTORE and is somewidist longoer, has the cd-

Ve tasg, ol s more intuiciveliy obvious., The comocnents dE thaeos

IS
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cross viand force in tone directions 02 and 03 give rise to
aecelerations: of - the ‘manter of muss :

1
.

g e A n.t + a;sin nlt)

IS SO T e Semeille 2 rad § By lvy e = N rat T ey

= B :
Yo x(—~ cos n.t - == cos 1, t)
- 2 n 1
3 5
e\ ay
LN » .
z = w (== sin 1 - == sin
Z (i n,t n, sis nyt)

2 L

where tne comnsiants of integration sre gzero because the quantlfles
v &

Y.ana Ztgn contiin no constani parts, belrg pure vibrations ths
mLy or may not be damped. More accurately, the mean trajectory
with resvect to which g and 2 are measured is so defined that

¥ and z ecairtaint purely vibrationalocterms .. T Magt Radir.i
eguations show that initially 2z 1is zero, and that the initial
led':. Wt l is > 3

g a
< 1
A= (=% - =
L? nl ;
1 :ya (nl+n2)
e nan
78
oan % %
0 S |
b @]

. 1% . =)
sion of damping. factors e ' can bve shown

inclu
ST resulil \ilhite MMev arEeWal Y 13 comparison

as befors gl e |
16{C e ﬂOQiL} the 1
te the n's

gfr—‘

wn

5. TIhe Yawing Motlion of a Bullet Fired #rom an Airerarflt,
lenaitel [tite in¥Lidl BrEle" Bl wh i Y. O w TW& time derivatives of
both & and 9 are initially G0, Lattierel oge A lUllOHS Irom
the dizgram in Seotion 3 thet

whence

REGTRICTED




TS RO B Fing
initisily, an. thus frow equations (10) ¢
3
B = (et d /20
C‘l ( pO) O/ o 3
B el 5 /zp :
Ly ( po) o/ Py
iritieliy, wher ¢ D is therinitial vﬁlne‘of og! Wow'a"‘brdidgwto
thie 0 iscia%ion ln Feohige +35% Liistliad builet is of the type (¢1ke
311 the small srms buirlets ~Tudleu, endyiae’ iS5y “zogevflxe)
with = single camping faetoryfor beth Pragossien and pubdtdaly,
et BeT T 3, and a., are gilven st ail times bhy.
5 A
i SR T T i e : e
i ( i)0) o/‘po' :
B\ ’ v
b o o R T o A
- ( P O
whnere -
] plap '
Y a4
o = (p/v) ¢ : (13)
The value of 8% is gliven by (11), from waich it Tollows that t ik
mEan value pf 5%, averapad over & sigele paride by, 1q 3
e 2 2 -
=74 oA v
6 l C‘(;
1+ r‘)z
o b
= O<0—2 o 9]
) < L
o}
1
, S0 T ‘
= B e - |
o} QS l (l‘q')
O 4
where coxis ufte, ledUbat valde o thesstabilify factcﬁyg; :
ine stability factor 5 wvaries zlong tne Lrajﬂcto“v very 41 skl
as 1/u® vnere u is tne rauaining velocity, and thuz o
2
B S e =
- 4 o 0
4. el Tags iy Higwah st B
& Sl 2 -~ iy 2 &
n = - 2 e h I ¢ o o0 0 »
0 54 (N/uoso)(ud,u h
2p -

S (l + T—_“IYE i P)+ SRR LN

S RS

~10-
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39-: = SBymd o D
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auproximately, wherc g is.the alre densitysy W-1ls- the mass,sd ig
the dizmeter, and £ 1s the drag eocefficlent, Hence -
—2paP(a + at)
o= e
vhere a is given by {114) 2nd
e .
al = — — K. e
S = N e ) (15)
O »
AVJO”alﬂv¢y,
v 1 : ‘
= 8 - = ~2p.P(a + at) (16)
52 Ggoh |80l ade ‘
o8, A 1 e

6. The Yaw-crao EPfect.  The-yiw OfF the BHllled bhds twobeffecis
uporn the tra )ecfory It renders the drag greater than it wonld
be in the absence-0f yaw, aul it lntroduces tone "windage jump® .
evaiuated. in section 4. ln the present section. we corsider the-
elffect upon the trajectory.of the ineredsed drag occasioned by
the .wotion about the venucr o mass The eifect of the ”klhu&g@
jump”™ wiil he ﬁonglacrLd inn the next secti on.‘

Let g, ; be Tectangular axes FiXed ifetae alr, vwith g verticak
2nd r-horizortalysthe plane gy r contdingng the"line ¢t departure
(windage )”ﬂp b“lﬁg hers neglectcd) I e dnT ey, and the oridin
being the position of the. gun at the instgnt of firing. . The
eouqtian s of mation ofthe yawing bullety 4s lﬁILhéL"ph by gravity
gane dra g, 24

53

v

3 2 2 L2
g+ pg (L+afK )g+ g =0
(17)
AN n "2’_ .
T g T ARG

C Dd

n

: < ..
are meglected whose mean values, over their
rii whose effests rémain swall a2t all TEREe

]

o &

lative alrgdensitys G,1 1s the cyprovriate fArag
4

o ¥aw, C w8 Liderarproprdate baillistic coefficient,

a1y co ificient, g 1s the acceleration of ‘gravity,

B
(o -

=
o
o
e
%!
ot
=
¢
<
=
i
o
H
£

3

(159
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52 is given by &

oK Dl UlTD

&

(16) ané G_ mey be evaluated, in accord-

eauat
gnce with ThesSiacdl aporoximation, fori&Ehs &r?umpnt = P. As
av 1

s i Mehemel s poR oy -

where @o Gy i wrrallin

uations (17) that

du
" Sl
Gn

Lt agubt PorL (IR ),
WY (50) . e, apdas e R

S =8, + §~P X
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of the yzwing motion bas been worked out, is equsl to its sine,
so that i -

Bg S GRS E T e A)/ug {z1)
while
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¥here S, is the value of the staoility factor "s nezr the muzzl

of a stationary -gun in sir SF stendard. censity. Tor zny P,

ecuatiorn (20) allows S, and hence u; -to besdetermined. The

guration

. p ;! | :

t e (1/u)ap : oy
0.

&dllows t teo be cetermined by a guadrature,

y The auvxiliary equation of equation (19) is iiresr in ¢, and
{iv) mzy be integrated once to obtain -
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by the HBizcei nethoa so 2s te yileld u in terms o1, 2l Kiier ol Al ein
equation ol the type (20). Dederick showed how G could be ob-
tained in the form of & double suavrature, {24). The particulsar
resnlts nrosented here, however, are new. Formerly it was

thought that the precessional and nutational dazping rates for
smzll arms bullets, incluaing 37um. were alfferent; tue nutational
being supnosed to be more rapid. Thas 3%, in equation €18§, was
e e c o et Vel e N ek id of the value given by (16). Th
constant ¢, in (<0), was also given an incorrect wEL i Ehas KT EE e
errors, first revesled through aircraflt firings conducted by
ot e - ncd el B P mofitdng Wie sahtaons (thelr experiusental resultbs
nave not yet been published), dats back to the paper of Fowler

et al. vho assumed incorrcctly that the value of y was so swall

as to be negligible. Here tune author has annlled the elegant
cmputetionzl procecures of Xent and Dederici to a more correctly
pecified yawing motion.

7. The Effect o7 Windage Juap Upon the Trajectory. The windage

junp A 1s small, snd its ¢flects may be anpdleE. to the, bhe & Grionsg
by simple, yet closely approxinate, metnods. Consider tne set of

3
axes %V, yb, 'zt 6f sgctiom 2, at west in the air. The windage
Jump changes tre dircction of the line of departurc by adding to
u regarced as a vector, a vector enual numerically to uOA and

L
(0]

o’
directed et right angles to the plane containing the z! azls and
the bore of the gun, in & sense given by a right-handed rotation
sbout the z! axis. The additional vector has direction cosines

in the primed system, therefore, of -sin Z sin A/(l—sinEZcoszA)%,

2
cos 2/(1 - sin®Z cos® A)3, 0 «nd components egual to the preced-
ing dirsction cosines amultiplied by uOA. The windage jump does

not zlter the nmagnitude of U, and thus the effect of the jump is
to increase X, v, z, of the builet by the -uantities:
P 1
pasinZsind/(1 - sin?Zcos®a)2, Pacosz/(l - sin®Zcos®A)z, O.

Bt S cirliousitie® »E 16 -NOL plieiree s it s increased by

VN

tn
-P A sinA/{1 - sin®Zcos®A)

R TV iSRRG e

Since ore is concerned with smzll angular deflections, the eflfect
of the windege jump is thus to increase A and p by the smounts, in

v}

ragians
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If one makes use of e~uation (12) for A, =nd makes use of
ezt Ton {21) ' for u,, one thus finds that the effects in radians

of winzage jump on the horizontasl and vertical deflections are

o k= b % cosZcosh —¥
uE
° (25)
e (S
O p= ~Db % sing —=
u2
(o}
where
¢ %
a2 L
b el o ... (26)

2. Computing Procedures. The seouence of ogerations g ace #abad

u, by ecuation (1); dF by eI Fadiams) = s, BY (22)}; ¢ by

(204); and then find the Siacci "S" by (20). From S, u is found;
then t end @ are computed by cguadratures in accordance with (23)
and (74). Then E, n, { are found by ecuations (2); D by (3) if

E 1s not sufficiently accurate as an approximation to Dj and A

and & by equations (4). With close accuracy undcr most conaitions,
A and p are given directly in wmils¥* as the right-hand members of
equations (4§ multiplied by 1020. Finally, tne effects of windage
jump, &X and du, are computed by equations (25) and added to A

and g already computed without jump, in order to obtain the values
with jump. Equations (25) will yield values in mils directly if
for b a value is used equal to the value given by (26) multiplied
By L2 0R _

In the preceding enuations, p always stands for the relative
alr aensity.

The value of the constants Sg» o L Pl O KD& are given below,

for two gum-projectile combinations. (1) is the Cal. 0.5014P M2
projectile fired at 2700 feet per second from rifling having a
twist of one turn in 15 inches. (2) is the 37mm H.E. shell M54
or practice projectile M55 with P.D. fuze M56, fired at 2000 feet
per second from rifling having a twist of one turn in 25 calibers.
The fundamental data have been furnished by H. P. Hitchecock.

Combvination Sq & Sf! 1) KD&
ft—l ft—l mils
ft/sec
(1) A7 . 00208 .000076 45,800 16. 4
(2) 2.39 .00172 . 000066 38,000 16.4
B Gl 1 3 =S
#0One mil is 1,/6hoo revolutions. Iy g,&gﬁ;,’@\»"ﬁ C‘(J " \.}.f‘iz;u;.,f_k

Thecdore .. Sterne
S8 e, Ord. Dept.
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